Dispersion polymerization-induced self-assembly (PISA) is a simple and robust approach for accessing amphiphilic materials with the benefit of obtaining targeted morphologies at high concentrations (10--50 wt %) and in a highly scalable fashion.^[@ref1]−[@ref7]^ This approach is in contrast to the typical, two-step methods for preparing materials assembled from amphiphilic block copolymers, where the desired polymer is synthesized and then subsequently assembled by dissolution or gradual change of the solvent conditions.^[@ref8],[@ref9]^ In water, the PISA technique relies on chain-extension of a hydrophilic polymer with a water-soluble monomer that leads to the growth of a hydrophobic block. A homogeneous polymerization is initially achieved. However, as the second block becomes increasingly hydrophobic via chain extension, the block copolymers self-assemble into nanoparticles, and the polymerization transitions into a dispersion polymerization. A series of nanoparticle morphologies is formed according to the constantly changing packing parameter of growing chains, with micelles being the first morphology of the polymer self-assembly trajectory.^[@ref1]^

Polymeric micelles are typically characterized by scattering methods, which provide averaged information for a sample within the bulk, with the data being fit to a determined model.^[@ref10],[@ref11]^ By contrast, high-resolution imaging methods such as cryogenic transmission electron microscopy are limited to capturing "snapshots" of soft nanomaterials frozen in time and provide insufficient temporal resolution.^[@ref12]^ Altogether, no broadly employed method provides direct information on a particle-by-particle basis in a native liquid environment.^[@ref13],[@ref14]^ However, liquid cell transmission electron microscopy (LCTEM) can potentially provide temporal and spatial insight into nanoscale phenomena.^[@ref13],[@ref15]−[@ref20]^ Visualizing the progression of block copolymer self-assembly in real time would provide an opportunity to examine established theories of aggregation, reorganization, and morphological evolution to further understanding of how polymeric nanoparticles form under standard conditions.

While LCTEM imaging of the full range of morphologies formed during PISA is challenging within the subdiffusive environment of the liquid cell and during the drastic viscosity changes that generally occur during formation of anisotropic nanoparticles (e.g., worms), we reasoned that the first step in exploiting this technology to study PISA was to determine the feasibility of the electron beam for initiating polymerization to induce self-assembly. LCTEM is a nascent technique in development for observing dynamics and formation of a variety of materials, with the vast majority of studies being on inorganic systems.^[@ref21]−[@ref26]^ Moreover, few reactions have been initiated in the liquid cell and examined directly for soft, organic materials.^[@ref19],[@ref20],[@ref27]−[@ref30]^ A rare example involved the thermally initiated (with a temperature-controlled liquid cell) formation of nanoscale colloidal covalent organic frameworks.^[@ref19]^ With this in mind, we set out to investigate the utility of LCTEM for a soft organic matter system, produced directly, in situ, via a widespread and highly useful reaction. Therefore, we examined initiating radical polymerizations and directly observing the solution self-assembly of block copolymer amphiphiles in real time.

We hypothesized that the electron beam of a transmission electron microscope (TEM) could be used to generate radicals to initiate polymerization while imaging in solution. We reasoned that the utility and ease of reversible addition--fragmentation chain-transfer (RAFT)-mediated PISA would make this system an optimal platform for determining if polymerization and self-assembly can be directly initiated and imaged by LCTEM. Our approach relied on an iniferter polymerization mechanism,^[@ref31]^ for which we observed that electron beam irradiation led to the visualization of particle formation during imaging of a solution of RAFT-generated polymer and a vinyl monomer in the absence of azo initiator, presumably from homolytic cleavage of the thiocarbonylthio group of the macro-chain transfer agent (macroCTA), leading to initiation of polymerization and subsequent self-assembly within the irradiated region. By contrast, regions of the liquid cell not directly irradiated and separated by a distance of at least 10 μm from an irradiated area did not result in particle self-assembly.

Previous literature has shown that when the electron beam interacts with a liquid sample during imaging by LCTEM, radiolysis of the species in solution occurs, generating radicals.^[@ref32]−[@ref34]^ Therefore, the nature and concentration of radicals produced during an LCTEM experiment are important considerations, since high concentrations of radicals will affect the kinetics of polymerization and may give uncontrolled chain growth and morphology evolution that is inconsistent with a well-behaved PISA system. However, we reasoned that the chemistry could be controlled if (1) we work in low electron flux conditions, where electron flux is the number of electrons irradiating a unit area per second (e^--^/Å^2^ s), and (2) we work at a sufficiently high macroCTA concentration to favor: (i) preferential initiation from the carbon-centered radicals resulting from homolytic cleavage of the trithiocarbonate macroCTA and, (ii) degenerative chain transfer over uncontrolled conventional radical polymerization. In the discussion that follows, we demonstrate that under these experimental conditions, we directly observed the formation of micelles in solution via PISA.

TEM imaging in liquid was achieved using a liquid cell holder and chips having 30 μm × 200 μm viewing windows and 30 nm-thick silicon nitride membranes.^[@ref20]^ The electron flux used for imaging in these studies was in the range of 0.5 e^--^/Å^2^ s, and the concentration of the poly(ethylene glycol) macroCTA (referred to herein as the trithiocarbonate macroCTA) was significantly high so that the concentration of generated radicals within an irradiated region was greater than the expected concentration of any solvent radiolysis products (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_001.pdf) for additional details). Thus, any radical polymerization which occurred should result primarily from homolytic cleavage of the trithiocarbonate macroCTA.

The low TEM contrast of these organic polymeric materials is a challenge when imaging in liquids because of the background scattering of the solvent. To address this, we utilized the sciTEM, an automated piezoelectric-actuated dispenser capable of depositing picoliter droplets of solution onto the surface of a commercial liquid cell chip in a predefined array ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_001.pdf), and [Movie S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_002.avi)) to form consistently thin liquid layers with minimal scattering.^[@ref35]^ See [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_001.pdf) for equipment description and videos.

![Polymers prepared, resulting assemblies, and LCTEM experimental setup. (a) Synthetic conditions for preparing diblock copolymers via either standard polymerization conditions (gray) or LCTEM irradiation (blue). (b) Uranyl acetate stained dry-state TEM image of spherical micelles formed through the polymerization-induced self-assembly of PEG-*b*-PHPMA diblock copolymers when performed under standard polymerization conditions, at a DP~*n*~ of the PHPMA block of 150. (c) A 0.5 μL droplet dispensed onto a bottom LCTEM chip. (d) An array of 300 pL droplets of solution containing HPMA and trithiocarbonate macroCTA being dispensed by the sciTEM. (e) Array of droplets on a bottom chip, scale bar = 200 μm.](oc-2018-00148w_0001){#fig1}

First, we identified a proof-of-concept system where the polymers were expected to maintain core chain mobility while being hydrophobic enough for high TEM contrast. In these initial studies, micelles were prepared under standard polymerization conditions outside of the microscope via photo-PISA^[@ref2],[@ref36],[@ref37]^ chain-extension of the trithiocarbonate macroCTA with 2-hydroxypropyl methacrylate (HPMA). The PEG-*b*-PHPMA diblock copolymers assembled to yield spherical micelles as evidenced by dry-state TEM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, and [Figures S2--S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_001.pdf)).

Initially, it was necessary to determine if the micelles formed under standard PISA conditions could be detected by LCTEM under reasonable electron fluxes and if the micelles grow when additional monomer is present in solution. A solution of HPMA and trithiocarbonate macroCTA was polymerized outside of the liquid cell via UV irradiation to yield PEG-*b*-PHPMA copolymers with a number-average degree of polymerization (DP*~n~*) of the PHPMA block of 150 (see [Supporting Information](#notes-1){ref-type="notes"} for details) to target the spherical micelle phase ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). An additional 150 equiv of HPMA was added to the solution to chain-extend the core-forming PHPMA blocks and allow for micelle growth upon electron beam irradiation. This solution was briefly opened to air to both slow down polymerization kinetics and introduce molecular scavengers to potentially scavenge OH^•^ radicals and e^--^~aq~.^[@ref34]^ When this solution was initially imaged in the TEM, numerous particles 10--15 nm in diameter were present ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_001.pdf), and [Movie S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_003.avi)). Particles attached to the window could be tracked over time and were observed to increase in diameter to ∼25 nm during irradiation, demonstrating that spherical polymeric micelles can be observed in solution and grown via the PISA process in the presence of additional monomer using LCTEM. It is possible that the electron beam affects the livingness of the polymer chains, so we cannot assume that the PHPMA DP~*n*~ reached 300. In addition, the spatial confinement and reduced diffusion of species within the liquid cell may have limited the aggregation number of the micelles, resulting in the smaller micelle diameters observed during the LCTEM experiment.^[@ref38]^

![Direct observation of micelles within the liquid cell. (a--c) Snapshots taken during an LCTEM experiment of a solution of micelles that were initially formed outside of the microscope, under standard polymerization conditions, from HPMA and trithiocarbonate macroCTA, with an extra 150 equiv of HPMA added prior to imaging. The solution was continuously irradiated at 0.25 e^--^/Å^2^ s for 2 min. Insets are zoomed-in images of the particles boxed with the corresponding color. Scale bars of insets = 20 nm.](oc-2018-00148w_0002){#fig2}

As controls, we tested these same imaging conditions and sequentially omitted one polymerization component from the solution. These controls included a solution containing only HPMA (no trithiocarbonate macroCTA) in water, to ensure that no particle formation was observed, and a solution of the macroCTA only, with no HPMA present. Each control solution was continuously irradiated at electron fluxes ranging from 0.1 to 1.7 e^--^/Å^2^ s at different regions of each liquid cell, for extended periods of time (\>10 min). No structures formed in either case ([Figures S7 and S8](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_001.pdf)), with no observable change in the solution being imaged since both the trithiocarbonate and monomer are required for polymerization.

With these initial experiments in hand, we next aimed to observe the formation and growth of spherical micelles in the solution cell by TEM. In contrast to observing preformed micelles increasing in diameter (see above), this approach would allow the direct, real-time visualization of the particles as they assemble from the growing polymer amphiphiles in solution. Again, the automated approach was utilized to dispense solutions containing HPMA and the trithiocarbonate macroCTA into a liquid cell, followed by imaging under one of two different conditions: (1) by continuous imaging, wherein the sample was irradiated with the electron beam nonstop, and (2) by "pulsing" the sample with the beam,^[@ref19]^ wherein a 2 s exposure was taken to acquire a single snapshot image, followed by a dark period where the beam was turned off for 30 s. During the dark period, the electron beam does not provide energy to the system, and thus the energy dissipates. This process was repeated to obtain a time series of images. The goal of the pulsed conditions was to minimize potential sample damage from electron irradiation while providing enough energy to the system for sufficient radical formation for polymerization. In both cases, the samples were irradiated at a 0.45 e^--^/Å^2^ s flux. Automated multi-object tracking analysis (MOTA) developed for identifying and analyzing low-contrast particles in solution through the use of a background subtraction (BS) algorithm was applied to the raw LCTEM image series to track particles in each frame and monitor diameter changes as a function of time.^[@ref39],[@ref41]^ Growth profiles of the particles were generated by examining the final image of each sequence and identifying particles and recording their location and diameter. The location of each particle in the final image was used to "back-track" and identify the same particle in the previous image of the sequence. This process was reiterated back to the image in which the particle first appeared to generate a growth profile. See Supporting Information, [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_001.pdf) for additional details on the BS and MOTA algorithms.

Under continuous imaging conditions, within ∼11 s of irradiation, particles began to form on the window of the liquid cell and grew over the course of 1 min ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_001.pdf) and [Movie S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_004.avi)). The particles initially grew rapidly within 5 s of imaging, then equilibrated to an average diameter of 13 ± 3 nm (*n* = 11). Under pulsed imaging conditions, micelles began to form 80 s after the first exposure was taken, and micelle adhesion and growth were observed for up to 250 s after the first exposure ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_001.pdf)). The micelles equilibrated to an average diameter of 13 ± 4 nm (*n* = 27). These diameters are similar to one another, and importantly, they correspond to the particle diameters observed for standard solution preparations at the early stages of polymerization by dynamic light scattering ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_001.pdf)). Again, it is possible that the electron beam affects the livingness of the polymer chains, so we cannot assume that the PHPMA DP~*n*~ reached 300, which may account for the smaller diameters observed. However, because the micelles forming under these different imaging conditions tend toward the same size, this suggests that the small micelle diameters may be because of limited aggregation numbers of the micelles, rather than the synthesis of polymers with lower DP~*n*~. Further evidence of this micelle growth occurring via a PISA process includes how throughout imaging, numerous micelles were observed to suddenly appear at the window, while some disappeared back into solution, which suggests that PISA was not only occurring at the water--window interface, but also within the volume of the irradiated region of the liquid cell. Altogether, micelle growth does not appear to be significantly affected by the presence of the liquid cell window membrane.^[@ref42]^

![Tracking micelle growth during PISA by Multi-Object Tracking Analysis (MOTA) when the monomer solution is periodically exposed to the electron beam. (a--c) Images acquired over 5 min during the irradiation of a monomer solution of HPMA and macroCTA. The solution was "pulsed" with the electron beam for a 2 s exposure at 0.45 e^--^/Å^2^ s, and then the beam was turned off for 30 s. This process was repeated for 5 min. A multi-object tracking algorithm was applied to the images to detect particle locations and diameters. (d) Growth profile of micelle diameters, where each time point represents when the sample was pulsed with the electron beam to acquire an image. Note: Particles are numbered 1--27 (see also Supporting Information, [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_001.pdf)), in order of algorithm detection frame-by-frame.](oc-2018-00148w_0003){#fig3}

Finally, studies were performed to determine the electron flux threshold for imaging, as observed by obvious beam-induced damage ([Figures S12 and S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_001.pdf), and [Movie S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_005.avi)). These studies demonstrated that beam-induced effects which either altered the formation of the structures, their morphologies, or their interactions with each other or their environment, occurred at electron fluxes ∼10× higher than what was used in our imaging studies.

We have demonstrated that organic reactions, in this case polymerizations that induce micelle formation, can be directly initiated and visualized by LCTEM. Growth profiles of spherical micelles were determined through our background subtraction algorithm for identifying low-contrast particles against a solvent background,^[@ref39]^ and multi-object tracking analysis (MOTA) for automatically tracking multiple particles over image frames.^[@ref41]^ Furthermore, we determined that imaging samples at low electron fluxes in very thin liquid layers (∼100--500 nm) within the liquid cell are essential, and that pulsed imaging conditions are useful for controlling radical chemistry. These strategies may provide a path for observing the full gamut of possible morphological transitions that occur during PISA and, more generally, block copolymer solution self-assembly. To do so, particle size in the liquid cell and solution viscosity, specifically for the worm phase, must be considered. Moreover, analysis of the chemical species produced in the liquid cell is a topic of intense research, wherein very small quantities of material, polymers in this case, would need to be independently analyzed by a sensitive technique with high spatial resolution, at the end of the in situ TEM experiment. In short, continued innovation in new liquid cell design, experimental design, imaging conditions, and data analysis algorithms are needed to realize the full potential of this kind of dynamic videographic characterization of nanomaterials.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.8b00148](http://pubs.acs.org/doi/abs/10.1021/acscentsci.8b00148).Experimental section, supporting Figures S1--S13, discussion on expected concentrations of radicals formed through TEM radiolysis, discussion on automated LCTEM sample deposition and chip placement; captions for Movies S1--S4 ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_001.pdf))Movies S1 ([AVI1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_002.avi)), S2 ([AVI2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_003.avi)), S3 ([AVI3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_004.avi)), S4 ([AVI4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.8b00148/suppl_file/oc8b00148_si_005.avi))
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